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ABSTRACT

A mismatched welded component exists when the strength of the weld material is
different than the strength of the base material. This research has examined the effect of weld
joint geometry and mismatch level on the strength and fracture performance of high strength
steel weld components. Fracture performance was studied only for applied three-point
bending loading. Eleven different welded systems were constructed with mismatch ranging
between -36% to +47% and various weld joint profiles to sculpt fusion zone widths between 2
and 13 mm at the crack tip. Instrumented tensile tests were utilized to characterize weldment
strength behavior while single edge notch bend J-R curve testing of short (/W = 0.15) and
deeply (/W = 0.5) cracked specimens was conducted to measure both baseline weld metal
toughness properties and determine the fracture performance of mismatched systems. The
results indicate that contact strengthening in unflawed specimens occurs to a greater degree
and at lower constraint in conventional undermatched weldments. Flawed undermatched
performance under bending loads is highly dependent on the fusion zone width as well while
the degree of mismatching is a secondary effect. As the zone width decreases, the apparent
tearing resistance also decreases. The overall performance of undermatched systems,
however, can still be better than overmatched systems when the inherent toughness of the
overmatching weld metal consumable is poor.
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INTRODUCTION

Motivation for Mismatched Welding

Currently, naval steels are welded such that the nominal yield strength of the consumable
is at least 10% higher than the base metal. This practice is called overmatched welding and
resulted in large part from explosion bulge tests conducted in the early 1950s [1,2].
Traditionally, overmatching has been utilized to shield the weld metal from plastic
deformation by shedding load to the surrounding base plate material. This practice has been
utilized to take advantage of the typically superior and more consistent fracture performance
of the base plate material and to decrease the likelihood of failure at an undetected weld
defect.

For high strength steel baseplate materials (yield strength, o,,, > 700 MPa), however, the
overmatching philosophy is difficult to employ because there are problems associated with the
welding consumables (o,, > 700 MPa). The inherent toughness of high strength consumables
is low and they are also difficult to fabricate because stringent precautions are required to
resist hvdrogen cracking [3]. Large preheat and interpass temperatures are necessary along
with high heat input rates to decrease the weld metal cooling rate [3]. All these precautions
decrease welding productivity.

Undermatched welding is the practice of welding a lower strength consumable to the
baseplate material. Lower strength welding consumables are desirable because they have
better toughness and are easier to fabricate than high strength consumables. However, the
primary disadvantage with an undermatched system is that plasticity can be concentrated in

the weld during high deformation events. Therefore, welds in overmatched systems undergo




less deformation than undermatched systems but their properties (toughness and ductility) éfe
worse while welds in undermatched systems have better properties, but see concentrated
loading. This quandary leads to two important questions which are the focus of this study.
Do undermatched high strength steel weldments perform better than overmatched weldments?
If not, is the performance of undermatched systems adequate so that the productivity and

property gains associated with lower strength consumables can still be realized?

Backeround

Weldment Performance of Unflawed Specimens -- The effect of mismatching welding on

unflawed component performance has been studied quite extensively for tension loading
applied transverse to the welding direction [4-9]. For this loading, there is no increase in
component strength or ductility for overmatched weldments because the baseplate deformation
governs component behavior as long as the weld is free of defects [4]. The strength and
ductility for undermatched specimens under tensile loading, however, can be significantly
different than for a homogeneous base metal specimen and is a function primarily of the
degree of undermatch (i.e. the differences between the base and weld metal vield strengths,
strain hardening characteristics, and ultimate strengths, o,,) and the amount of weld metal
constraint [5-9].

Weld metal constraint is typically expressed in terms of a ratio of the weld joint to
specimen geometry [6-9]. As this ratio decreases, the weld metal constraint increases and the

weldment strength approaches the base metal strength while the failure ductility decreases [6].

This phenomenon is called contact strengthening. As the weld metal constraint decreases, the




weldment tensile properties approach those of the weld metal.

Weldment Performance of Flawed Specimens -- Analytical and numerical studies have

characterized the behavior of flawed, mismatched components also as a function of mismatch
level, constraint, and deformation level. As the crack length (a) becomes large compared to
the remaining ligament (b) and weld zone height (L, in Fig. 1), the applied J approaches the
solution for the homogeneous baseplate material [10,11]. Conversely, when the crack length
is large and the weld joint height is much greater then the remaining ligament, the weldment
response is similar to a solely weld metal specimen [10]. The bulk of structurally relevant
applications, however, falls between these two extremes when fusion line interferes with the
crack tip plastic zone and alters the crack tip driving force. In these cases, overmatching
shields the crack tip and the applied J decreases. Undermatching concentrates deformation
and the applied J compared to a homogeneous specimen. Orders of magnitude differences in
applied J appear to be possible for moderate amounts of mismatch (x10%) depending on the
deformation level, loading mode, specimen and crack geometry, and joint geometry [12-14].
Experimental determination of flawed mismatched weldment behavior is complicated by
the fact that the J-integral loses path independency for mismatched weld joints when the
contour crosses the fusion line [10] except in special cases [15]. J-integral computations are
only accurate when the contour is contained locally within the weld [10,13]. Therefore,
current experimental procedures to determine the weldment J-R behavior are not rigorously
accurate since thev require remote measurements to calculate J. Kirk, however, has shown

that for single edge notched bend [SE(B)] specimens, J-integral determination based on
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standard experimental techniques [16] is accurate to within 10% of the actual J for a variety
of weld joint geometries, mismatch levels of +20%, and for J deformation levels up to

350 kJ/m? [10].

APPROACH

Naval high strength structural steels and welding consumables were utilized to create a
number (eleven) of overmatched and undermatched weldment systems with varying weld joint
geometries. Mismatch ratios were varied simply by welding high and low strength
consumables into each baseplate material using standard procedures. These mismatch levels
are representative of potential structural applications. The weld joint geometries were also
chosen to represent a range of possible production welds.

Additional care was taken to ensure that the flawed weldment performance was influenced
by mismatching to the greatest extent possible. This was ensured with the aid of F ig. 2 [10]
which illustrates how the weldment crack driving force (J,;) for a specimen under three-point
bend loading compares to the applied J in a homogeneous weld specimen (J,,) as a function
of L,./a: L, is the distance between the weld joint fusion line and a is the crack length.
The weldment crack driving force is nearly equivalent to the homogeneous driving force as
L../a— 0and L ,/a >= 3 which represent the deep and short crack limits discussed earlier.
The weldment applied J is influenced to the largest extent between these two extremes. Weld
Joint geometries were chosen so that fracture performance would be measured near the long

and short crack limit and in the intermediate region to maximize mismatch effects.



The strength and toughness of each baseplate and weld consumable which produced the
weldments were characterized using conventional Charpy and tensile testing. Then,
instrumented transverse tensile tests were utilized to determine if performance degradation was
evident in the undermatched weldment systems compared to the homogeneous weld and base
metal properties. Next, the baseline cracking resistance (J-R) of the weld metal was measured
using deeply flawed (a/W = 0.5) SE(B) specimens with L, /a < 1 to minimize mismatch
effects. The effect of weld joint geometry and mismatch ratio on the cracking resistance was
then studied using short crack (a/W = 0.15) SE(B) specimens with a wide range of L_, /a

ratios.

MATERIAL AND WELDMENT PREPARATION

Two common naval structural steels were utilized as the baseplate materials for the
weldments: HY-80 and HY-100. HY-80 and HY-100 have nominal yield strengths of 550
MPa and 690 MPa respectively. Three welding consumables were used as weld filler
material: Mil-70S, Mil-100S, and Mil-120S. These consumables have nominal maximum
yield strengths of approximately 480 MPa, 690 MPa, and 830 MPa respectively. The
specified chemical compositions for these materials are summarized in Table 1 and were
obtained from [17] for the weld metal filler and [18] for the base steels. Maximum values are
reported in this table unless a range is given.

Eleven different butt weldments were manufactured in 50 mm thick baseplate through
permutations in the choice of welding consumable, baseplate, and weld joint geometry. A

schematic of the relevant weld joint profile characteristics is illustrated in Fig. 3 along with a




summary of the specific geometry for each of the eleven weldments. In this summary, the
baseplate material and weld filler material is listed for each weldment along with three
geometric parameters necessary to uniquely describe each joint design: the minimum gap
width, L,,, the height of the root, L and the included angle of the weld, 0. These
variables are related and can be used to determine Ly, as defined in Fig. 2.

All weldments were produced using gas metal arc welding (GMAW) with M-2 (2%
oxygen, 98% argon) shielding gas. The preheat temperature and interpass temperature range
were 120°C and 120-135°C respectively. The heat input was 2.16 kJ/mm. The parameters
were constant for every weld and were chosen so that the weld metal cooling was three-
dimensional [19]. This practice was employed in an attempt to achieve consistent weld metal
properties regardless of the joint design. However, these welding parameters also fall well

within the allowable ranges for production welds [20].

EXPERIMENTAL PROCEDURES

Baseplate and Weld Metal Characterization

Tensile testing was conducted on the baseplate and all-weld metal specimens at -2°C to
concur with subsequent J-R curve testing. Triplicate specimens were tested as per ASTM E8
[21]. The baseplate and all-weld specimen orientation was "L" where, for the all-weld
specimens, "L" is defined as the welding axis. All-weld specimens were not tested from
every weldment; rather, a few representative weldments were tested to provide an indication

of the variability among a each weld consumable between different weldments. The

weldments used to characterize the all-weld metal specimens are indicated in Table 2.




Charpy V-notch testing of all-weld specimens was conducted as per ASTM E23 [22] to~
determine the ductile to brittle transition behavior of some representative samples for each
welding consumable. The specimen orientation was T-S. At a minimum, triplicate specimens
were tested for each upper and lower shelf temperature while five specimens were utilized in
the transition regime. The weldments utilized for this testing are indicated in
Fig. 4. All other welds were tested at a single upper and lower shelf temperature so that a
comparison could be made among welds with the same consumable. Charpy toughness
comparisons were avoided within the transition range due to the additional variability inherent

in this region.

Weldment Tensile Testing

The weldment strength testing was conducted using specimens oriented transverse (T) to
the weld axis and plate rolling direction. Standard round 12.8 mm diameter tensile specimens
[21] were machined with the weld metal located in the center of the specimen gage length
(Fig. 5). Separate strain gages were positioned solely in the baseplate and weld metal regions.
An extensometer with a 50 mm gage length was also employed to span the weld region and
record the composite specimen response (Fig. 5). Testing was conducted at -2°C. All testing
procedures and analysis were conducted in accordance with ASTM ES8 [21].

Weldment tensile testing was performed for selected undermatched systems (GXK, GXP,
GXR, GXS, and GXT). As mentioned, overmatched specimen behavior follows the
homogeneous baseplate response. For the symmetric double-V weldments (GXP, GXR, and

GXT), triplicate specimens were tested from the center of the plate to coincide with the weld




root pass where the weld joint height is the minimum. The asymmetric double-V (GXK) and
single-V (GXS) weldments had triplicate specimens taken from the top and bottom of the

plate to sample two unique weld joint heights within the same weld.

J-R Curve Testing and Analysis

Specimens and Test Conditions -- The crack growth resistance behavior under applied

bending loads was measured in the T-S orientation with respect to the weld. The crack was
located along the weld centerline as in F ig. 3. Standard 1T SE(B) specimens [16] were side
grooved with a 10% thickness reduction on each side and used for this testing. The starter
notch for each specimen was manufactured using electric discharge machining (EDM). The
notch width was 0.5 mm and the notch tip radius was 0.25 mm. Once again, testing was
conducted at -2°C and triplicate specimens were utilized for each unique condition except for
some short crack specimens as noted.

Deep crack toughness testing (a/W = 0.5) was performed to measure the baseline weld
metal cracking resistance for each consumable. HY-80 baseplate weldments GXK (Mil-70S),
GXL (Mil-1008S), and GXM (Mil-120S) were chosen for this testing. The average L,./2 ratio
for the deep crack weldments was 0.5 for GXK, 0.2 for GXL, and 0.7 for GXM. Short crack
testing (a/W = 0.15) was conducted for a variety of L,, /a ratios for the remainder of the
weldments. Figure 3 summarizes the nominal L,./a ratio for each weldment system.
Triplicate specimens were utilized except for the large gap GXM and small gap GXN
configurations where only two specimens were tested and for the large gap GXU

configuration which is represented by only one specimen.




Testing Technique -- Prior to testing, the specimens were loaded in nearly three-point
compression to 50% of the limit load for one cycle. Precompression was employed to
homogenize the residual stress distribution around the crack tip throughout the specimen
thickness. This procedure was necessary to generate straight crack fronts during fatigue
precracking and also to minimize the effect of residual stresses on the R-curve [23]. This
method consistently led to straight crack fronts as evidenced in Fig. 6.

The crack resistance curves were measured in accordance with the requirements of the
draft Standard Method for Fracture Toughness Testing' where applicable. A single specimen,
computer interactive, unloading compliance method was utilized to monitor the applied
J-integral and crack length during the test. Unloading compliance is a viable technique for
crack length measurement down to a/W = 0.1 [24]. The necessary short crack compliance
expression is documented in [25] and is valid between 0.05<= a/W <=0.45. The standard
compliance expression presented in ASTM E1152 [16] was adequate for the deeply crack
specimens. Load line displacement was measured with a flex bar attached directly to the

specimen to avoid errors that can occur from specimen brinelling.

Applied J Determination -- The applied J values were calculated by assuming that the
weldment specimen could be represented by a homogeneous, all-weld specimen. This
assumption allowed standard equations for the n and vy-factors based on load line

measurement to be utilized. The J-integral was computed using the standard formulation [16]:

" "Standard Method for the Measurement of Fracture Toughness," Draft Standard,
Version 14, American Society for Testing and Materials, Philadelphia, PA, September 1994.
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For the deeply cracked specimens, y = 1.0 and n = 2.0 [16]. However, for

a/W < 0.282, Sumpter [26] has shown that the following n-factor formulation is valid:

=032 + 12(2) - 495(2y2 + 99.8(.4 )3 3)
M =032+ 12(5) - 495G + 99.8()

The short crack specimens all failed within a/W = 0.282 so Eq. (3) was applied throughout

the testing regime. The y-factor was computed from Eq. (2) using Eq. (3). After the initial

data was obtained, the initial and final crack lengths were measured as per ASTM E1152 and

the data was shifted by forcing the linear term of a third order polynomial fit of the J-R curve

to match the theoretical blunting line, J =20an , where o; was the flow stress for the




homogeneous weld specimen [27].

BASEPLATE AND WELD METAL CHARACTERIZATION

Average tensile properties are summarized in Table 2 for the weld consumables and
the base plate steels. The tensile properties are consistent with the nominal properties
expected for the weld consumables and baseplate steels. The final percent elongation (e;) of
the Mil-70S and Mil-100S consumables is better than even the baseplate steels. The
elongation of the high strength consumable Mil-120S, however, is demonstrably worse. There
are small, yet statistically significant differences between o, and g, for the two Mil-70S
welds tested. The three Mil-100S welds possess similar differences. Analysis of variance
calculations revealed that the probability that these differences represent actual property
variations is 0.95. Differences among the individual weld properties and the average values
reported, however, are less than 5% in every case. Only the average weld properties are

reported in Table 2.

The mismatch ratio (%Mis) is defined in this research by the following equation:

weld base
o -0

% Mis = 2 ¥ %100 4
abase

ys

where o;l;eld = the all-weld metal yield strength,

base
o

and = the base metal yield strength.

The mismatch ratio for each baseplate and weld consumable combination is presented in

Table 3. This ratio is based on the average tensile properties for the baseplate and weld
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consumables presented in Table 2. Similar mismatch ratios were achieved for the HY-80/Mil-
70S and HY-100/Mil-100S systems and the HY -80/Mil-100S and HY-100/Mil-120S systems.
Therefore, performance comparisons among these systems can be based primarily on the
fundamental properties of the weld consumables.

The mean Charpy V-notch energies (CVE) characterizing the transition behavior are

represented by the plots in Fig. 4. Curves have been used to indicate data trends and not in

an attempt to accurately characterize the ductile to brittle transition curve. Identification of
the welds utilized for full transition curve testing is also included in this figure.

These limited Charpy results illustrate the following trends. The lower shelf energies
of the Mil-100S and Mil-120S welds are slightly higher than for the Mil-70S weld. The
temperature representing the median Charpy energy is the lowest for Mil-120S, slightly higher
for Mil-1008S, and the highest for Mil-70S. This trend implies that the ductile to brittle
transition temperature of these consumables also follows a similar ranking. The biggest
apparent differences among the Charpy results are the upper shelf energies and the transition
temperature range. Mil-70S and Mil-100S have higher upper shelf energies and much steeper
transition ranges.

There also appears to be large differences among the Charpy results from individual
weldments. These differences are deceiving in Fig. 4, however, because the variation in the
mean (not shown) is large due to the nature of weld metal Charpy testing. This variation was
routinely as high as 50% of the mean. Analysis of variance calculations at each test
temperature were carried out to determine if differences in the means were statistically

meaningful. A 95% confidence limit criteria was used.
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The two Mil-70S consumables do possess meaningful differences at 0°C and 20°C as’
the transition range approaches upper shelf. The mean Charpy results of the six Mil-100S
weld consumables are not statistically different at any temperature. The three Mil-120S
consumables are similar at the upper and lower shelf, but meaningful differences were found
between the GXO and GXM weldments within the transition temperature region. Therefore,
there are some toughness differences among similar weld consumables that will be considered
when analyzing the crack resistance results. However, the variation among nominally similar

consumables is smaller than differences among the consumable types.

RESULTS AND DISCUSSION
Weldment Tensile Performance

The yield strength (0,,%), ultimate strength (o,,°), and percent elongation at failure (e
of the undermatched weldment specimens are summarized in Table 4. Average weldment
tensile specimen results are reported in this table. The property L,, is the average weld joint
height measured on each specimen and D is the specimen diameter (12.7 mm). Results have
been normalized with respect to the base metal properties (aysb, o,.’, and e) corresponding to
each weldment.

This table reiterates the importance of both mismatch level and constraint (L, /D) on
tensile performance. As the undermatch level increases at a given constraint, the composite
yield strength, ultimate strength, and failure ductility can substantially decrease. This is
particularly evident between the GXS and GXT specimens with L,/D = 0.9. When mismatch

level is constant and weld metal constraint increases, the composite yield and ultimate strength
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increase while the composite failure ductility decreases. Failure can actually occur within the
baseplate specimen if the constraint is 2igh and the under:atching ievel is moderate. This
phenomenon occurred in both the GXP and GXS specimens with L,/D < 1. In these
specimens, however, the composite failure ductility was still significantly less than the
baseplate ductility.

Figure 7 illustrates the behavior measured by the baseplate and weld strain gages as
well as the composite weldment response measured by the extensometer. It should be noted
that the baseplate and weld strain gages generally agreed with the results from the all-weld
and baseplate specimens (summarized in Table 2) unless constraint was high (L,/D < 1).
Initial weldment specimen yielding (Fig. 7) occurs close to the weld metal yield point
regardless of constraint. The effects of constraint appear to be most prominent during a
hardening phase after this initial yielding. The degree of this hardening is clearly a function
of constraint and mismatch level. After a certain strain (roughly 1% in Fig. 7), the constraint
hardening phase ends and the composite response essentially parallels the baseplate flow
properties. The constraint hardening trends do somewhat influence the 0.2% offset Oy
measurements reported in Table 4. However, a measure of the stress at roughly 1% strain
may provide a more accurate account of the specimen to baseplate (or weld) strength ratio
between 1% strain and failure.

Figure 8 compares this testing to earlier measurements [6] on weldments with straight
fusion zones oriented perpendicular to the specimen axis. A round specimen geometry was
employed [6] as in the current tests. These earlier measurements were for a similar specimen

geometry and indicate that weld metal strengthening occurs when L,/D <1 and is relatively
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independent of the amount of undermatching. The amount of undermatching appears only to
influence o, in the limit as L,/D — 0, which is ideally the baseplate strength.

The current results show that when conventional, beveled weld joint geometries are
tested with moderate amounts of undermatch, some contact strengthening occurs at even low
constraint levels (2< L,/D < 4). Also, contact strengthening is greater than the earlier
measurements at higher constraints (L,/D < 1) and does appear to be a function of the
undermatch level. These differences at higher constraint may partially stem from the fact that
the current results are plotted in terms of the mean weld joint height, L., while the minimum
weld joint height may the more influential dimension. However, at lower constraint where
the difference between the actual and minimum joint height causes little change in constraint,
there still appears to be a strengthening benefit as the joint geometry included angle increases
from zero as in the earlier results [6].

However, this apparent increase in strength from beveled joints also degrades the
weldment failure ductility (Fig. 8). The ductility of Satoh and Toyoda’s specimens approach
the all-weld limit by L,/D = 1 while the failure ductility measured in the current tests is much
lower (e//e;” = 0.65) at the same constraint. The increase in ductility as the constraint
decreases is also more gradual than in [6] even for specimens with a nominal, -15%,
mismatch. Fig. 8 also indicates the strong influence of mismatch on failure ductility: a
decrease of over 60% occurred at L,/D = 0.9 when the undermatch level was increased from

11% to 36%.
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Weldment Cracking Resistance

Baseline Toughness -- The baseline, deep crack, cracking resistance behavior for the
three different weld consumables is illustrated in F ig. 9. These results are considered to be
the baseline behavior because the L,,/a ratios are all less than 0.8 (Fig. 2) which minimizes
the effect of mismatch on the driving force. Further, the specimen constraint is high in the
a/W = 0.5 specimens and represents the lower bound R-curve behavior [27].

This figure illustrates that the cracking resistance of the Mil-70S and Mil-100S
consumables is much better than the Mil-120S consumable. This confirms the CVE trends in
Fig. 4. The R-curve behavior of the 70S and 100S wires are, in fact, very similar although
this becomes more apparent in subsequent figures. In the deep crack tests, the 100S weld
wire did tend to cleave more which is why the Mil-100S R-curve terminates abruptly. The
other curiosity contained within Fig. 9 are the two results for the Mil-120S weld., Deep crack
Mil-120S specimens consistently followed one of two paths: either they blunted and then
cleaved with little crack growth (upper plot in Fig. 9) or they began tearing almost
immediately, continued tearing with relatively little increase in tearing resistance, but did not
cleave (lower plot in Fig. 9). Of the five deeply cracked specimens tested, two had behavior
representative of the lower plot and three fractured by following the upper path. Research is

currently ongoing to explain this curious phenomenon.

Short Crack Effects -- An example of the short crack effect for the undermatched, HY-

80 weldment, GXK, is presented in Fig. 10. This figure shows that the tearing resistance

increases for the short crack specimen compared to the more deeply cracked specimen. This
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trend is well known in homogeneous baseplate specimens [27] and occurs due to loss of
crack-tip constraint in the short crack specimen.

Fig. 10 also illustrates two short crack specimens with different L,,/a ratios. The
larger L,,/a ratio possesses an apparent increased tearing resistance while the smaller L,/a
ratio closely follows the deep crack behavior. This trend will subsequently be examined more
fully, but is used in this figure to illustrate that the short crack effect, while evident, is not
large and appears to have less influence on the crack growth resistance than undermatching
and weld joint geometry effects. This behavior is similar in the Mil-100S and 120S welds: a
short crack effect is present in the R-curve behavior, but it is easily masked by other, more
prominent effects.

The short crack tearing resistance for a number of specimens is illustrated in Fig. 11 at
two distinct L,, /a ratios. The first plot shows results from specimens with L,./a > 2.8 where
mismatching effect should begin to diminish. This plot is similar to Fig. 9 which shows that
the cracking resistance of the Mil-70S and 100S consumables are similar and tougher than the
Mil-120S consumable. The behavior of the short crack Mil-120S weldments also indicates
that the tearing resistance behavior of this consumable is not unique as in the deep crack
results.

The lower plot (Fig. 11) is in a regime (L2 = 1.3) where undermatching effects are
expected to be large. This figure illustrates a number of important points. First, the
difference between the apparent cracking resistance of the Mil-100S and Mil-70S weld wires
has decreased compared to L, /a > 2.8 results. Undoubtably this occurs due to the increased

crack-tip driving force in the undermatched specimens. However, the Mil-100S and Mil-70S




still have better apparent toughness than the Mil-120S weldments even though the difference
has decreased. At no L,.;/a ratio was this trend reversed. Another important point that the
plot for L,, /a = 1.3 indicates is that the effect of undermatch level does not appear to be a
primary influence on the J-R behavior in these tests. The mismatch ratio of the GXT
specimens is over 3 times greater than the GXR and GXU systems and while the tearing
resistance is certainly slightly less, the difference is no greater than at the higher L. /a ratio
and the difference is even less than the variability among the two Mil-100S systems plotted
(Fig. 11). The additional specimen constraint due to the applied bending may serve to lessen

the influence of mismatch level.

Effect of L., /a on J-R curves -- The effect of the weld fusion zone width on apparent

crack growth resistance behavior is demonstrably illustrated in Fig. 12. This figure illustrates
the J-R curves measured for specimens located in the same weldment. This weldment, GXS,
had a single-V joint geometry with a nominal root gap of less than 2 mm and a 45° included
angle. Three SE(B) specimens were notched in the large gap side of the weldment

(L, /a = 2.8) and three were tested with notches in the small gap side of the weldment
(Lgp/a = 0.5). Even though the amount of undermatching is a moderate 11%, the difference
in apparent tearing resistance is remarkable, much bigger than is implied in Fig. 2 and in
earlier studies [10,11]. Of course the tearing resistance has not actually changed, but two
somewhat competing mechanisms are at work which lead to this behavior. Most importantly,

the undermatched weld, coupled with a fusion line located relatively close to the crack tip

leads to increased deformation (or driving force) at the crack tip. This increased deformation




is not measured as applied J in the experiment because these measurements are based on far-
field measurements of load-line and/or crack mouth opening displacement. This driving force
increase is only sensed locally at the crack tip and the measurements are insensitive to these
effects. If the local J were measured, the two driving force curves should fall more closely
together. The second, more subtle, mechanism affecting the J-R curves is crack tip constraint.
When the crack tip is near the fusion line in an undermatched weld, more extensive yielding
occurs which results in a loss of crack-tip constraint. In baseplate specimens, constraint loss
leads to increasing R-curve behavior [27] and a similar effect should be expected here.

The weld fusion zone effect is also illustrated in Fig. 13 which shows a montage of all
the HY-100 and Mil-100S weldment systems tested. The trend is unmistakable; as L, /a
increases the apparent R-curve resistance also increases. The results for the overmatched HY-
80 and Mil-100S system are also included and show that the "baseline" short crack tearing
behavior is consistent with the behavior in the undermatched weldments as
L,/a — 3.5. This trend remains consistent for the Mil-70S weldments.

A montage of all the Mil-120S testing is presented in Fig. 14. There is no systematic
relationship between L, /a and tearing resistance for these welds. The variability among the
behavior for distinct weldment systems overwhelms any mismatch effects which are present,
even in greatly overmatched systems. Once again, this behavior confirms the earlier Charpy
results presented herein and also experience with the difficulties involved in welding these

consumables and obtaining consistent properties.
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CONCLUSIONS

This study has examined the efiects of weld met mismatching (where the base and
weld material flow properties differ) on tensile behavior and crack resistance performance
under applied bending loads. The objective was to determine if undermatched welds in high
strength steel components have better, or at least adequate, performance compared to an
overmatched weldment with the same base material. Weldments with different combinations
of base material (HY-80 and HY-100), weld consumable (Mil-70S, Mil-1008S, and
Mil-1208), and weld joint geometry were manufactured for comparison. Tensile and Charpy
characterization of homogeneous base and weld materials indicated that some variation could
be expected among different welds with nominally the same consumable. Variations in yield
and tensile strength were small, less than 5% of the mean, yet consistent in the Mil-100S and
Mil-70S welds. Charpy scatter was much more extensive, although there was so much
variability within a single weld that large apparent differences among weldments were not
statistically significant. There were statistically significant differences found among Mil-1208
welds, however, especially in transition, and near the upper shelf of the two Mil-70S
weldment systems. Even with these differences, the Charpy testing indicated that differences
among the different consumables was greater than variability within weldments of a single
consumable.

Instrumented tensile testing was used to indicate the effects of weld joint height and
undermatch on properties of the composite transverse weldment specimens. Yielding initiates
near the weld metal yield strength, but hardening can occur soon after and result in higher

measured yield and ultimate strengths compared to the weld metal properties. As the amount
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of undermatching increases and joint constraint decreases, contact strengthening decreases and
the weldment strength approaches that of a homogeneous weld specimen. Contact
strengthening still occurs at low constraint in weldments with small amounts of undermatch
and beveled joint dimensions. However, failure ductility in these weldments is poor, much
worse than for unbeveled weld joint profiles.

Baseline crack resistance to bend loading was measured using short crack
(W = 0.15) and deep crack (a/W = 0.5) SE(B) specimens having weld joint geometries
intended to be minimally influenced by mismatching effects. Mil-100S and Mil-70S were
found to have similar tearing resistance curves while the Mil-120S consumable possessed
much lower resistance to cracking and also more variability. When weld joint geometries
expected to possess large mismatching effects were tested, differences among the
consumables’ tearing resistance behavior decreased. However, the tearing resistance in the
undermatched systems was always greater than the overmatched systems analyzed in this
study.

The effect of weld joint geometry on the apparent tearing resistance behavior can Be
large. As the smaller weld joint height decreases (L,,/a < 1), the applied deformation at the
crack tip increases and is not accounted for experimentally. Therefore, it appears as if the
tearing resistance decreases as L, /a decreases. This trend is primarily a function of
geometry; changes in the level of undermatch by a factor of three did not greatly decrease the
J-R curve further. These geometry effects were consistently present in the Mil-100S and 70S
systems, but were masked in the Mil-120S welds by the inherent variability of this

consumable.
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TABLE 2--Average base and weld metal tensile properties.

Material Weldment Oy Oy % Elongation
ID (MPa) (MPa) in 50 mm
HY-80 GXK 572 703 21
Baseplate
HY-100 GXO 752 848 25
Baseplate
Mil-70S GXK,
Weld GXT 483 600 30
Mil-1008S GXL, GXR,
Weld GXU 669 731 29
Mil-120S
Weld GXM 841 889 18
TABLE 3--Mismatch level in weldment systems.
Weldment Weldment .
System D % Mismatch
HY-80/Mil-70S GXK 16
HY-80/Mil-100S GXL +17
HY-80/Mil-1208 GXM.GXN 47
HY-100/Mil-70S GXT 36
. GXP, GXQ, GXR,
HY-100/Mil-100S GXS. GXU -11
HY-100/Mil-120S8 GXO ‘12
26




TABLE 4--Summary of weldment transverse tensile properties.

WeldID | % Mis | L,/D 0,0, 0450y eflel
GXK -16 1.7 0.91 0.92 0.61
GXK -16 3.7 0.88 0.90 0.85
GXP -11 0.7 0.98 1.00 0.71
GXR -11 2.3 0.89 0.87 0.49
GXS -11 0.9 1.00 1.00 0.75
GXS -11 3.2 0.92 0.89 0.75
GXT -36 0.9 0.84 0.89 0.30
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Figure 1--Geometric variables affecting flawed weldment performance.
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Figure 2--Effect of joint geometry on driving force of mismatched welds.
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Baseplate

Crack

Spec. ID | Base Weld | Oinc (deg) | Lgap (mm) | Lrt (mm)
GXK HY-80 70S 60 9.5 12.7
GXL HY-80 100S 60 9.5 25.4
GXM HY-80 1208 45 9.5 0
GXN HY-80 1208 60 3.2 12.7
GXO HY-100 120S 60 1.6 25.4
GXP HY-100 100S 60 1.6 25.4
GXQ HY-100 100S 50 1.6 12.7
GXR HY-100 100S 50 12.7 12.7
GXS HY-100 100S 45 0 0
GXT HY-100 708 60 1.6 25.4
GXU HY-100 100S 45 12.7 0

Figure 3--Weld joint geometry and testing matrix.
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Figure 4--Charpy results for welding consumables tested.
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Figure 5--Weldment tensile specimen and instrumentation.
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Figure 6--Fracture surface and precrack for undermatched specimen.
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Figure 7--Deformation in unflawed undermatched specimens.
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Figure 13--Effects of joint design on tearing resistance in Mil-100S consumable.
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